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ABSTRACT 

This  report  covers  in  detail  the  research  work  of  the  Solid  State  Division  at  Lincoln 
Laboratory  for  the  period  1  November  1994  through  31  January  1995.  The  topics  covered  are 
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Technology,  High  Speed  Electronics,  Microelectronics,  and  Analog  Device  Technology. 
Funding  is  provided  primarily  by  the  Air  Force,  with  additional  support  provided  by  the 
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INTRODUCTION 


1.  ELECTROOPTICAL  DEVICES 

Improved  InP-based  tapered  lasers  for  operation  at  A  =  1.3  jUm  have  demonstrated  continuous 
output  power  >  1  W.  The  far-field  patterns  have  85%  of  the  output  power  in  a  central  dilfraction-limited 
lobe. 

In  an  approach  to  image  preprocessing  using  smart-pixel  arrays,  a  modified  version  of  the  mono¬ 
lithic  optoelectronic  transistor  has  been  designed  that  responds  to  local  image  contrasts.  The  epitaxid 
structure  for  this  smart-pixel  circuit  has  been  grown  and  the  circuit  components  fabricated  and  charac¬ 
terized;  simulations  have  shown  that  the  circuit  responds  to  contrast  ratios  and  is  robust  to  variations  in 
absolute  illumination  levels. 

2.  QUANTUM  ELECTRONICS 

A  fiber-pumped  passively  (2'Switched  Nd:YAG  microchip  laser  has  been  frequency  quadrupled  to 
produce  0.5-/J  ultraviolet  pulses  of  250-ps  duration  at  repetition  rates  up  to  13  kHz.  The  entire  device 
is  contained  in  a  3-cm-long  x  1-cm-diam  package. 

3.  MATERIALS  RESEARCH 

GaSb  epilayers  have  been  grown  by  organometallic  vapor  phase  epitaxy  (OMVPE)  using 
triethylgallium  (TEGa)  and  a  new  Sb  source,  trisdimethylaminoantimony  (TDMASb),  which  has  a  ther¬ 
mal  decomposition  temperature  lower  than  that  of  the  conventional  Sb  source,  trimethylantimony,  and 
therefore  is  more  efficient  for  growth  at  low  temperature  (<  600°C).  However,  prereactions  between 
TEGa  and  TDMASb  sources,  which  were  observed  by  Fourier  transform  infrared  spectroscopy,  resulted 
in  a  degraded  surface  morphology. 

A  new  organometallic  source,  triterti2U7butylaluminum,  has  been  used  for  the  first  time  in  the 
growth  of  Al^Gaj_^Sb  by  low-pressure  OMVPE,  and  alloys  grown  over  the  whole  composition  range 
0  <  X  <  1  exhibited  mirror  surface  morphologies.  Photoluminescence  was  observed  for  all  layers  with 
X  <  0.2  (the  composition  range  where  the  energy  bandgap  is  direct),  and  all  layers  were  p-type  with  hole 
concentrations  increasing  with  x  and  saturating  at  about  4  x  10^^  cm“^  for  x  =  1. 

4.  SUBMICROMETER  TECHNOLOGY 

Growth  of  GaN  at  high  substrate  temperatures  has  been  demonstrated  under  conditions  of  nitrogen- 
arrival-rate-limited  growth.  These  conditions  significantly  reduce  the  residud  n-type  conductivity  of  GaN 
usually  attributed  to  nitrogen  vacancies. 

An  echelon  grating  structure  has  been  fabricated  for  use  in  a  color  projection  display.  The  grating 
efficiently  separates  the  incident  white  light  into  red,  blue,  and  green  diffractive  orders. 


XI 


5.  HIGH  SPEED  ELECTRONICS 


GaAs  MISFETs  with  a  low-temperature-grown  (LTG)  GaAs  gate  insulator  and  ion-implanted  self- 
aligned  source  and  drain  regions  have  been  demonstrated  in  which,  because  of  the  reduced  source  and 
drain  resistance,  the  drain  saturation  current  and  the  transconductance  increased  more  than  twofold 
compared  to  regular  MISFETs.  The  LTG  GaAs  insulator,  which  maintains  its  high  resistivity  and  break¬ 
down  strength  after  the  implantation  and  800°C  activation  annealing,  keeps  a  very  low  gate  leakage 
current. 

6.  MICROELECTRONICS 

A  new  packaging  method  has  been  developed  for  a  1 960  x  2560-pixel  wafer-scale  charge-coupled 
device  imager.  The  package  offers  substantial  advantages  over  conventional  approaches  in  maintaining 
low  noise,  having  a  good  thermal  expansion  match  to  silicon,  and  offering  opportunities  to  place  circuitry 
close  to  the  device. 

7.  ANALOG  DEVICE  TECHNOLOGY 

The  dispersive  delay  of  a  2-GHz-bandwidth,  high-temperature  superconductive  (HTS)  chirp  filter 
has  been  increased  to  24  ns  using  a  new  thinner  stripline  structure.  This  HTS  chirp  filter  has  been 
employed  to  double  the  instantaneous  bandwidth  coverage  of  a  modem  Hughes  electronic-warfare  com¬ 
pressive  receiver  to  2  GHz,  compared  to  the  traditionally  used  surface-acoustic-wave  chirp  filter. 
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1.  ELECTROOPTICAL  DEVICES 


1.1  IMPROVED  TAPERED-GAIN-REGION  LASERS  AT  1.3  /an  WITH 

OUTPUT  POWERS  >  1  W 

For  the  first  tapered-gain-region  semiconductor  lasers  at  1.3-/an  wavelength,  continuous  output 
powers  of  0.5  W  were  obtained  with  nearly  80%  power  in  the  central  lobe  of  a  nearly  diffraction-limited 
far  field  [1],[2].  Here,  we  report  continuous  output  powers  >  1  W  with  85%  power  in  a  diffraction-limited 
central  lobe.  These  advances  have  resulted  from  improved  fabrication  processes  and  a  new  device  design 
incorporating  a  ridge  waveguide  section  with  the  tapered  gain  region,  a  stmcture  reported  earlier  for 
980-nm  tapered  lasers  [3]  and  similar  to  that  used  for  a  tapered  amplifier  [4]. 

The  material  used  for  this  device  has  been  reported  previously.  It  is  a  stepped  separate-confinement 
heterostmcture  with  three  strained- layer  quantum  wells,  grown  by  atmospheric-pressure  organometallic 
vapor  phase  epitaxy.  As  characterized  by  broad-area  laser  results  [5],  this  material  has  yielded  threshold 
current  densities  of  176  A/cm^  for  a  3000-/mi  cavity  length,  a  transparency  current  density  of  150  PJcvc?, 
a  peak  differential  quantum  efficiency  >  70%  for  a  250-/im  cavity  length,  and  estimated  net  modal  gains 
of  50  cm“^  at  current  densities  of  1  kA/cm^. 

The  device  structure  with  combined  waveguide  and  tapered  gain  region  is  shown  in  Figure  1-1.  A 
ridge  waveguide  is  used  for  the  single-mode  waveguide  section,  fabricated  by  dry  etching  using  a  CH^-Hj-Ar 
plasma.  The  single- mode  ridge  section  acts  as  an  intracavity  mode  filter  and  provides  additional  gain.  A 
beam  propagation  model  has  shown  (for  the  980-nm  lasers)  that  these  features  help  to  ensure  good  output 
beam  quality  [6].  In  the  devices  reported  here,  the  single-mode  region  was  1  mm  long  and  the  tapered 
region  was  2  mm  long  with  an  output  aperture  width  of  210  /xm. 
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SINGLE-MODE  ETCHED 

ACTIVE  WAVEGUIDE  CAVITY-SPOILING  GROOVES 


Figure  1-1.  Device  design  of  tapered  laser  for  1.3-pm  operation.  The  ridge  waveguide  and  tapered  region  lengths 
are  1  and  2  mm,  respectively.  The  output  aperture  width  is  210  pm. 
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Figure  1-2.  CW  output  power  vs  current  for  1.3-pm  tapered  laser  with  ridge  waveguide  section. 
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Figure  1-3.  Far-field  beam  profile  at  1  W  for  1.3-pm  tapered- gain-region  laser.  The  power  in  the  central  diffrac¬ 
tion  lobe  is  85%  of  total. 
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The  cw  output  power  vs  current  is  shown  in  Figure  1-2.  Output  power  exceeding  1  W  is  achieved. 
The  results  also  indicate  differential  quantum  efficiencies  up  to  66%.  The  far-field  beam  pattern  in  the 
plane  of  the  junction  is  seen  in  Figure  1-3.  This  pattern  is  obtained  by  using  a  lens  to  remove  the  phase 
curvature  in  that  plane  resulting  fi'om  difft’action  of  the  beam  as  it  propagates  through  the  tapered  region. 
About  85%  of  the  output  power  is  in  the  central  lobe  of  the  far-field  beam.  The  angular  width  of  0.37° 
is  about  1.17  times  that  of  a  uniformly  illuminated  aperture  210  fxm  wide.  However,  a  scan  of  the  optical 
intensity  at  the  output  facet  shows  that  the  output  aperture  is  not  fully  illuminated,  which  implies  that  the 
device  output  beam  is  close  to  diffraction  limited.  Optimization  of  the  ridge  height  and  width  in  the 
single-mode  waveguide  region  in  future  devices  could  provide  full  illumination  of  the  output  aperture 
and,  hence,  further  improvement  in  output  power  as  a  result  of  better  utilization  of  the  tapered  gain  region 
by  the  diffracting  beam. 

J.  N.  Walpole  J.  D.  Woodhouse 
L.  J.  Missaggia  J.  P.  Donnelly 
S.  H.  Groves  R.  J.  Bailey 
A.  Napoleone 


1.2  SMART-PIXEL  ARRAYS  FOR  EARLY  VISION 

The  flow  of  image  data  through  a  computer  vision  system  proceeds  from  preprocessing  stages  that 
perform  filtering  and  primitive  feature  extraction  operations  to  higher-level  stages  that  categorize  land 
draw  inferences  based  on  prior  knowledge.  The  preprocessing  stages  perform  computationally  intensive 
data  reduction  tasks,  which  are  crucieil  to  the  success  of  the  higher-level  stages.  Most  preprocessing 
operations  can  be  implemented  with  fixed,  highly  parallel  computations.  We  are  developing  smart  sensors 
that  perform  such  functions  in  the  analog  optical  domain  using  optically  interconnected  arrays  of  “smart 
pixels,”  i.e.,  processing  circuits  with  opticeil  inputs  and  outputs.  By  performing  operations  such  as 
center-surround  or  oriented  edge  detection  in  a  fully  parallel  fashion  before  the  image  is  digitized '  and 
passed  on  to  a  computer,  such  smart  sensors  can  greatly  reduce  the  computational  overhead  associated 
with  preprocessing. 

The  monolithic  optoelectronic  transistor  (MOET)  is  a  GaAs/AlGaAs  smart-pixel  circuit  that  re¬ 
sponds  in  a  nonlinear  fashion  to  an  optical  input  signal  to  produce  an  optical  output.  GaAs/AlGaAs 
multiple-quantum-well  diodes  are  incorporated  in  the  monolithic  circuit  to  detect  and  modulate 
surface-normal  near-infrared  light  beams  for  input  and  output,  respectively.  The  electrical  circuitry  pro¬ 
vides  the  nonlinear  response  and  power  gain.  The  first  fully  integrated  MOET  was  a  thresholding  device 
that  could  switch  off  a  140-^W  output  signal  in  response  to  a  12.5-^W  input  signal.  Grown  by  gas-sdurce 
molecular  beam  epitaxy,  it  used  a  double-barrier  resonant  tunneling  diode  to  provide  the  nonlinear 
response  to  the  input  photocurrent  and  a  Schottky-barrier  field-effect  transistor  (FET)  to  provide  ampli¬ 
fication  [7], [8]. 

The  application  of  this  technology  to  image  sensors  with  biologically  inspired  processing  feapires 
is  being  investigated.  The  goal  of  the  effort  is  to  optically  cascade  two-dimensional  arrays  of  MOETs  in 
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order  to  perform  a  series  of  preprocessing  steps  on  an  input  image,  much  in  the  fashion  of  the  processing 
layers  of  the  retina  and  the  primary  visual  cortex.  Figure  1-4  shows  the  first  stage  of  the  smart  sensor 
design,  which  performs  a  center-surround  operation.  Each  element  of  the  smart-pixel  array  has  a  detector 
pair  laid  out  with  doughnut  and  doughnut-hole  geometries.  A  microlens  forms  a  demagnified  image  of 
a  region  of  the  input  pattern  on  the  associated  detector  pair.  This  imaging  operation  is  shown  in  the  figure 
with  solid  and  dashed  arrows,  respectively,  for  two  adjacent  pixels.  Each  smart-pixel  element  produces 
an  optical  output  that  is  a  function  of  the  contrast  between  the  central  portion  and  the  peripheral  portion 
of  the  corresponding  region  of  the  input  pattern.  The  same  general  scheme  can  be  used  to  further  process 
the  image  formed  by  the  optical  outputs  of  the  smart-pixel  array.  A  different  computation,  such  as 
oriented  edge  detection,  is  implemented  by  appropriately  modifying  the  detector  geometries  [9]. 

One  important  feature  of  biological  vision  systems  is  sensitivity  to  local  contrasts  rather  than  to 
absolute  illumination  levels  or  to  gradual  variations  thereof  [10], [11].  A  new  MOET  has  been  designed 
that  responds  to  local  contrast  ratios  and  is  robust  to  absolute  illumination  levels.  Figure  1-5  shows  the 
circuit.  Photocurrent  from  each  of  the  two  optical  inputs  flows  through  a  forward-biased  Schottky-barrier 
diode,  thus  yielding  a  voltage  that  varies  logarithmically  with  the  power  of  the  corresponding  input  signal. 
The  two  voltages  are  amplified  by  a  differential  amplifier  to  drive  a  reflection-mode  multiple-quantum- well 
modulator  which  is  illuminated  to  produce  an  output. 
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Figure  1-4.  First  stage  of  artificial  retina  implemented  using  smart-pixel  arrays  and  microlenses. 
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Figure  1-5.  Monolithic  optoelectronic  transistor  (MOET)  with  dual  optical  inputs.  The  optical  output  is  a  Junction 
of  the  ratio  of  the  power  levels  of  the  optical  inputs. 
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Figure  1-6.  Tranter  characteristic  of  MOET.  The  abscissa  is  the  logarithm  of  the  ratio  of  the  powers  of  the  two 
optical  inputs  and  l^g^,,  and  the  ordinate  is  the  modulator  photocurrent,  which  is  proportional  to  1-R,  where 
R  is  the  modulator  reflectivity. 
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The  epitaxial  structure  for  the  new  MOET  was  grown  by  gas-source  molecular  beam  epitaxy  and 
consists,  in  order  of  growth,  of  a  multilayer  dielectric  mirror,  a  layer  of  p-type  AlGaAs,  the  GaAs/AlGaAs 
multiple  quantum  well,  and  an  FET  structure  that  incorporates  a  n^-doped  GaAs  quantum-well  channel. 
Test  structures  were  fabricated  so  that  the  individual  components  of  the  circuit  could  be  measured.  Data 
from  these  measurements  were  used  to  extract  SPICE  parameters  for  the  FET,  modulator,  and  Schottky 
diode.  Figure  1-6  shows  the  results  of  SPICE  simulation  of  the  circuit.  The  modulator  photocurrent  (an 
inverted  measure  of  optical  output)  is  plotted  as  a  function  of  the  ratio  of  the  two  input  powers  for  various 
absolute  power  levels  on  the  right-hand  detector.  The  circuit  responds  to  input  ratios  over  nearly  four 
orders  of  magnitude,  and  the  response  curve  varies  negligibly  over  seven  orders  of  magnitude  of  absolute 
power  levels.  At  very  low  input  powers,  leakage  currents  will  limit  the  response.  At  high  powers,  series 
and  spreading  resistances  in  the  Schottky  diodes  will  cause  a  deviation  from  the  logarithmic  response. 
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2.  QUANTUM  ELECTRONICS 


2.1  ULTRAVIOLET  GENERATION  WITH  PASSIVELY  g-SWITCHED 
PICOSECOND  MICROCHIP  LASERS 

The  generation  of  coherent  ultraviolet  (UV)  radiation  has  typically  required  large,  expensive  laser 
systems.  By  quadrupling  the  output  of  a  passively  0-switched  microchip  laser  [1],  we  have  demonstrated 
0.5-/AI  UV  pulses  of  250-ps  duration  from  a  3-cm-long  X  1-cm-diam  package.  The  device,  illustrated  in 
Figure  2-1,  is  pumped  by  a  1.2-W  fiber-coupled  diode  laser  and  operates  in  a  single-frequency,  linearly 
polarized,  fundamental  transverse  mode  at  pulse  repetition  rates  up  to  13  kHz  over  a  temperature  range 
>  70°C. 

The  passively  Q-switched  laser  used  in  this  device  consists  of  a  1-mm-long  piece  of  1.8-wt%  Nd^+iYAG 
diffusion  bonded  to  a  0.25-nim-long  piece  of  Cr^tYAG  with  an  unsaturated  absorption  coefficient  of 
0.57  cm“^  at  1.064  jum.  The  pump-side  face  of  the  Nd:YAG  is  dielectrically  coated  to  transmit  the  808-inm 
pump  light  and  to  be  highly  reflective  at  1.064  fim.  The  output  face  of  the  CnYAG  is  85%  reflecting  at  the 
oscillating  frequency.  The  440-ps,  7-/iI/pulse  output  of  the  laser  is  single  frequency,  linearly  polarized,  and 
diffraction  limited,  with  a  waist  radius  of  50  jum  and  a  peak  power  of  14  kW. 

The  1.064-^tm  output  of  the  microchip  laser  is  frequency  doubled  with  42%  efficiency  in  a  5-mm-long 
piece  of  KTP  placed  adjacent  to  the  output  face  of  the  laser.  The  output  of  the  KTP  is  again  single 
frequency,  linearly  polarized,  and  diffraction  limited.  A  5-mm-long  BBO  crystal  placed  adjacent  to'  the 
KTP  doubles  this  radiation  with  13%  efficiency,  resulting  in  250-ps,  0.5-/iI,  single-frequency,  linearly 
polarized  266-nm  UV  pulses  with  a  peak  power  of  1.8  kW. 

256467-7 


Figure  2-1.  Frequency-quadrupled  passively  Q-switched  picosecond  microchip  laser. 
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Whereas  the  1.064-/im  and  532-nm  outputs  of  the  laser  are  circularly  symmetric  TEMqq  modes,  the 
266-nm  output  has  an  aspect  ratio  of  4  to  1  in  the  far  field.  This  is  a  result  of  the  small  angular  acceptance 
of  the  BBO  in  one  direction.  Consequently,  the  far-field  transverse  profile  of  the  266-nm  light  is  Gaussian 
in  the  wide  dimension  and  has  an  apertured  sin^x/x^  dependence  in  the  orthogonal  direction. 

The  short  length  of  the  nonlinear  crystals  used  in  this  device  permits  efficient  frequency  conversion 
over  a  large  temperature  window.  In  addition,  the  effective  temperature  window  for  UV  conversion  is 
broadened  by  the  fact  that  the  divergence  of  the  532-nm  light  is  greater  than  the  acceptance  angle  of  the 
BBO — at  different  temperatures  different  angular  portions  of  the  green  light  are  efficiently  doubled.  As 
a  result,  the  device  has  been  operated  with  at  least  1  mW  of  UV  output  power  over  a  temperature  range 
from  0  to  70°C.  The  output  powers  at  1.064  fjm,  532  nm,  and  266  nm  are  shown  as  a  function  of 
temperature  in  Figure  2-2. 


Figure  2-2.  Time-averaged  output  of  packaged  frequency-quadrupled  passively  Q-switched  picosecond  microchip 
laser  at  fundamental  wavelength  (1.064  jjtm),  second  harmonic  (532  nm),  and  fourth  harmonic  (266  nm)  as  a 
function  of  temperature. 
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Contained  within  a  3-cm-long  x  1  -cm-diam  stainless  steel  package  with  no  electrically  active  com¬ 
ponents,  the  UV  microchip  laser  is  extremely  robust  and  can  be  used  in  hostile  ambient  environments. 
The  pulse  repetition  rate  can  be  controlled  by  turning  the  pump  diode  on  and  off  for  each  individual 
output  pulse,  and  the  output  pulse  characteristics  are  nearly  independent  of  the  pulse  repetition  rate  from 
single  shot  up  to  13  kHz.  With  all  of  these  features  and  the  potential  for  low-cost  mass  production,  this 
UV  source  should  be  attractive  for  applications  including  UV  spectroscopy,  environmental  monitoring, 
process  control,  micromachining,  and  cellular  biology. 

J.  J.  Zayhowski  C.  Cook 

J.  Ochoa  J.  L.  Daneu 
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3.  MATERIALS  RESEARCH 


3.1  GROWTH  OF  GaSb  FROM  TRIETHYLGALLIUM  AND 
TRISDIMETHYLAMINOANTIMONY 

Previously,  GaSb  has  been  grown  by  organometallic  vapor  phase  epitaxy  (OMVPE)  from 
triethylgallium  (TEGa)  and  trimethylantimony  (TMSb)  [1].  Although  electrical,  optical,  and  structural 
properties  have  indicated  high-quality  material,  these  characteristics  are  temperature  dependent  because 
growth  is  kinetically  limited  by  the  thermal  decomposition  of  TMSb.  The  minimum  V/ni  ratio  for 
obtaining  stoichiometric  GaSb  layers  increases  with  decreasing  growth  temperature  below  600°C.  In 
addition,  the  use  of  TMSb  for  the  growth  of  Al-containing  Sb-based  alloys  is  undesirable  because  of 
carbon  incorporation  due  to  the  production  of  CHj  radicals.  Here,  we  report  on  growth  of  GaSb  from 
TEGa  and  a  new  Sb  source,  trisdimethylaminoantimony  (TDMASb)  [Sb(N(CH3)2)3],  which  is  a  ther¬ 
mally  less  stable  group  V  source  and  should  not  promote  carbon  incorporation  [2], [3]. 

The  GaSb  epilayers  were  grown  in  a  vertical  rotating-disk  OMVPE  reactor  operated  at  0.2  atm.  The 
source  materials  were  electronic  grade  TEGa  and  research  grade  TDMASb.  The  carrier  gas  was  H2  at  a 
flow  rate  of  10  slpm.  The  TEGa  mole  fraction  was  1  X  10"^  while  the  TDMASb  mole  fraction  ranged 
from  0.6  to  1  x  10"^.  The  flow  of  TDMASb  was  calculated  with  the  assumption  that  the  vapor  pressure 
of  TDMASb  is  ~  0.7  Torr  at  25°C.  This  value  was  based  on  Epison  [4]  measurements  of  the  sound 
velocity  of  the  TDMASb/Hj  mixture  compared  to  that  of  pure  H2.  It  should  be  noted  that  the  reported 
vapor  pressure  of  TDMASb  varies  from  0.45  Torr  at  32  to  34°C  [5]  to  2.6  Torr  at  25°C  [6]. 

The  TEGa  and  TDMASb  sources  were  premixed  in  a  fast  switching  manifold  before  introduction 
into  the  reactor.  The  GaSb  growth  temperature  was  varied  from  450  to  575°C.  GaSb  epilayers  were 
grown  on  Te-doped  GaSb  substrates,  (100)  oriented  2°  toward  (110),  or  on  semi-insulating  GaAs  sub¬ 
strates  for  electrical  measurements.  During  growth  the  sample  was  illuminated  with  the  beam  from  a 
He-Ne  laser,  and  the  diffuse  scattering  from  the  sample  surface  was  monitored.  In  a  separate  series  of 
experiments,  Fourier  transform  infrtu'ed  (FTIR)  spectra  of  TEGa  and  TDMASb  were  measured  in  a 
specially  designed  gas  cell  to  study  gas  phase  reactions  [3]. 

Figure  3-1  shows  the  surface  morphology  of  a  typical  GaSb  epilayer  grown  with  TEGa  and  TDMASb. 
The  layer  exhibited  a  mirror  surface  to  the  eye.  At  the  top  of  the  micrograph,  which  corresponds  to  the 
edge  of  the  wafer,  the  surface  was  featureless.  However,  the  lower  portion  shows  some  surface  contami¬ 
nation.  Chemical  analysis  by  Auger  spectroscopy  indicates  the  product  contains  both  Ga  and  Sb,'  and 
possibly  N.  (The  presence  of  small  cunounts  of  N  cannot  be  detected  in  the  presence  of  antimony.)  Since 
the  intensity  of  diffuse  scattering  from  the  wafer  surface  was  weak  during  growth,  but  then  increased 
abruptly  upon  termination  of  growth  and  cooling  of  the  wafer,  we  believe  the  degraded  surface  morphol¬ 
ogy  results  from  post-growth  deposition  of  volatile  adducts  that  form  between  TEGa  and  TDMASb. 
Additional  evidence  for  adduct  formation  is  the  observation  of  a  clear  liquid  that  condensed  at  the  inlet 
to  our  reactor  from  the  gas  mixing  manifold. 
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Figure  3-1 


Surface  morphology  of  GaSb  layer  grown  with  TEGa  and  TDMASb;  T  =  575°C  and  V/III  =  7. 


Further  insight  into  the  pre-reactions  that  result  from  the  direct  mixing  of  TEGa  and  TDMASb  is 
obtained  from  FTIR  under  static  conditions.  Figure  3-2  shows  the  steady-state  IR  spectra  measured  at 
room  temperature  and  atmospheric  pressure  for  TEGa,  TDMASb,  and  a  mixture  of  TEGa  and  TDMASb. 
Infrared  analysis  of  this  mixture  indicates  that  the  gas  phase  consists  of  Ga(N(CH3)2)(C2H5)2  and 
Sb(N(CH3)2)^(C2H5)3_^  (x  =  1,2).  The  appearance  of  these  products  indicates  ligand  exchange  reactions 
between  TDMASb  and  TEGa  via  formation  of  Lewis  acid-base  adducts.  Such  pre-reactions  may  be 
minimized  by  keeping  the  TEGa  and  TDMASb  flows  separated  until  introduction  into  the  reactor. 

The  minimum  V/EH  ratio  required  for  the  growth  of  stoichiometric  GaSb  is  shown  in  Figure  3-3  as 
a  function  of  growth  temperature.  For  values  below  the  line,  gallium  droplets  were  observed.  For  the 
temperature  range  between  500  and  575°C,  the  V/ni  ratio  is  constant  at  0.7,  which  indicates  that  the 
thermal  decomposition  of  TDMASb  is  complete.  For  a  growth  temperature  <  500°C,  the  V/EII  ratio 
decreased  as  a  result  of  the  incomplete  decomposition  of  TEGa. 

GaSb  layers  were  p-type  with  a  typical  room-temperature  hole  concentration  of  4.6  x  10*^  cm“^  and 
hole  mobility  of  370  cm^A^  s.  These  values  are  greatly  inferior  to  our  previously  reported  values  for  GaSb 
[1],  but  are  not  surprising  since  the  TDMASb  is  an  experimental  source  and  is  not  electronic  grade. 
Figure  3-4  shows  the  double-crystal  x-ray  diffraction  spectra  for  GaSb  layers  grown  from  TEGa  and 
TDMASb,  and  TEGa  and  TMSb.  For  the  layer  grown  with  TDMASb  as  the  Sb  source,  the  epilayer  peak 
is  shifted  to  larger  diffraction  angles  with  respect  to  the  substrate  peak  (~165  arc  sec),  which  indicates 
that  the  epilayer  has  a  smaller  lattice  constant.  A  possible  explanation  is  that  N  is  incorporated  in  the 
epilayer  as  a  result  of  ligand  exchange  reactions  between  TEGa  and  TDMASb.  The  concentration  of  N 
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Figure  3-2.  Fourier  transform  infrared  absorption  spectra  of  TDMASb  and  TEGa,  TDMASb,  and  TEGa. 


Figure  3-3.  Minimum  V/III  ratio  for  stoichiometric  growth  of  GaSb  grown  with  TDMASb  and  TEGa. 
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Figure  3-4.  Double  crystal  x-ray  diffraction  curve  of  GaSb  grown  on  GaSb  substrate  by  TEGa  and  TDMASb,  and 
TEGa  and  TMSb. 
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Figure  3-5.  Low-temperature  photoluminescence  spectrum  of  GaSb. 
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is  estimated  to  be  approximately  0.4%  based  on  the  cubic  lattice  constant  of  GaN  (0.454  nm)  and 
Vegard’s  law.  Secondary  ion  mass  spectroscopy  is  needed  to  confirm  the  incorporation  of  N.  Similar 
observations  have  been  reported  for  AlGaAs  grown  with  trisdimethylaminoarsine  [7].  The  low-temperature 
photoluminescence  spectrum  shown  Figure  3-5  consists  of  a  broad  peak  centered  around  0.78  eV. 
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3.2  TRITERTIARYBUTYLALUMINUM  AS  A  NEW  ORGANOMETALLIC 

SOURCE  FOR  EPITAXIAL  GROWTH  OF  AIGaSb 

A  new  organometallic  source,  tritertiarybutylaluminum  (TTBAl),  has  been  used  for  the  first  time  in 
the  growth  of  AlGaSb  by  low-pressure  OMVPE.  AlGaSb  and  its  related  alloys  grown  on  GaSb  or  InAs 
substrates  are  useful  materials  for  diode  lasers  and  detectors  which  operate  in  the  wavelength  range 
between  2  and  5  |tm.  However,  OMVPE  growth  of  AlGaSb  for  such  devices  has  been  problematic 
because  conventional  methyl-based  precursors  result  in  high  incorporation  levels  of  carbon  that  lead  to 
high  hole  concentrations  that  caimot  be  compensated  by  n-type  dopants.  TTBAl  has  been  reported  to  yield 
A1  films  with  low  carbon  levels  [8]  and  therefore  is  of  interest  as  an  A1  source  for  the  growth  of  Al-based 
ni-V  compound  semiconductors. 

Epitaxial  layers  were  grown  simultaneously  on  (100)  GaSb  and  semi-insulating  (100)  GaAs  sub¬ 
strates,  misoriented  2°  toward  (110),  in  a  vertical  rotating-disk  reactor  operated  at  150  Torr.  TTBAl, 
TEGa,  and  TMSb  were  used  as  organomettillic  sources.  The  organometallics  were  held  in  temperature 
baths  maintained  at  24°C  for  TEGa  and  TTBAl  and  0°  for  TMSb.  Vapor  pressure  data  for  TEGa  and 
TMSb  were  obtained  from  the  literature  [9].  However,  since  little  information  is  available  on  the  vapor 
pressure  of  TTBAl,  a  value  of  0.5  Torr  at  24°C  was  estimated  from  Epison  [4]  measurements  of  the  sound 
velocity  of  the  TTBAI/H2  mixture  compared  to  that  of  pure  H2.  The  growth  temperature  was  550°C  and 
V/rn  ratios  varied  between  2.8  and  3.6.  AlGaSb  epilayers  were  capped  with  a  thin  (~  20  nm)  GaSb  layer 
to  facilitate  ohmic  contact  formation.  Typictd  epilayer  thickness  was  1.5  fim. 

The  surface  morphology  was  examined  by  Nomarski  contrast  microscopy.  The  alloy  composition  of 
Al^Gaj_^Sb  layers  (x  >  0.2)  was  determined  by  Auger  electron  spectroscopy  sputter  profiles  based  on 
GaSb  and  AlSb  standards,  or  from  the  near  band-edge  photoluminescence  measured  at  4  K  and  the 
energy-composition  dependent  relationship  [10]  E^(x)  =  0.813  +  1.097x  +  0.40x^.  Carrier  concentration 
and  mobility  at  77  K  were  determined  from  Htill  measurements  based  on  the  van  der  Pauw  method  on 
etched  cloverleaf  structures.  In  addition,  in-situ  FTIR  measurements  were  performed  in  a  separate  series 
of  experiments  to  study  gas  phase  reactions  in  the  reactor  [3]. 


*Author  not  at  Lincoln  Laboratory. 
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Figure  3-6  shows  Nomarski  micrographs  of  Al^Gaj_^Sb  (0  <  ;t  <  1)  epilayers  grown  on  GaSb 
substrates.  For  all  layers  the  surface  morphology  was  mirror  and  showed  no  degradation  with  increasing 
X,  contrary  to  observations  for  growth  of  AlGaSb  with  trimethylaluminum  as  the  A1  source  [11].  For  x 
<  0.2,  the  morphology  was  featureless,  and  for  x  >  0.2  the  layers  exhibited  crosshatching  because  of  the 
lattice  mismatch  between  the  epilayer  and  the  GaSb  substrate. 
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Figure  3-6.  Surface  morphology  of  Al^Ga^  fSb  layer  grown  at  T  =  550°C. 
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The  dependence  of  AlSb  incorporation  in  AlGaSb  on  TTBAl  in  the  vapor  phase  is  shown  in  Figure 
3-7,  where  is  defined  as  the  ratio  of  the  TTBAl  mole  fraction  to  the  total  group  ni  mole  fraction. 
The  A1  distribution  coefficient  unity.  A  possible  explanation  is  that  TTBAl 

forms  an  adduct  with  TMSb  and  is  not  incorporated  into  the  film.  In  another  set  of  experiments,  in-situ 
FTIR  spectra  indicated  chemical  reactions  between  TTBAl  and  TMSb.  Such  pre-reactions  could  explain 
our  observation  that  decreased  as  the  V/III  ratio  increased.  It  is  also  noted  that  GaSb  growth  at  550°C 
requires  a  minimum  V/III  ratio  of  1.8,  whereas  for  AlGaSb  growth  a  value  greater  than  2.2  is  required, 
which  increases  with 

Over  the  whole  composition  range  all  of  these  unintentionally  doped  Al^Gaj_^Sb  layers  were  p-type. 
As  shown  in  Figure  3-8(a),  the  hole  concentration  at  77  K  increased  rapidly  from  8  x  10^^  cm~^  for  x 
=  0.02  to  8  X  lO’^  cm“^  for  x  =  0.44,  and  then  gradually  increased  with  x  and  was  a  maximum  value  of 
3.8  X  10^®  cm“^  for  jc  =  1.  The  corresponding  hole  mobility  shown  in  Figure  3-8(b)  decreased  consider¬ 
ably  with  X.  This  decrease  is  a  consequence  of  both  higher  AlSb  alloy  composition  and  higher  hole 
concentration.  The  hole  mobility  vs  concentration  is  shown  in  Figure  3-9  for  our  data  and  for  the  only 
other  data  published  for  AlGaSb  grown  by  OMVPE  [12]. 
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Figure  3-7.  Dependence  of  AlSb  incorporation  on  TTBAl  vapor  phase  composition  where  x^^^^  is  the  ratio  of  the 
TTBAl  mole  fraction  to  the  total  group  III  (TTBAl  and  TEGa)  mole  fraction. 
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Figure  3-9.  Hole  mobility  vs  concentration  for  AfGaj^^Sb  grown  by  organometallic  vapor  phase  epitaxy. 
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Figure  3-JO.  lx)w-temperature  photoluminescence  spectra  of  Alfia^  ^Sb. 
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Photoluminescence  at  4  K  was  observed  for  Al^Gaj_^Sb  layers  with  x  <  0.2.  The  crossover  between 
the  r  and  X  bands  is  reported  to  occur  at  jc  =  0.21  [10].  Representative  spectra  for  two  samples  grown 
on  GaSb  substrates  are  shown  in  Figure  3-10  for  jc  =  0.1  and  0.2.  The  spectra  have  the  common  feature 
of  a  single  peak  with  a  full  width  at  half-maximum  of  11.4  and  15  meV,  respectively. 
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4.  SUBMICROMETER  TECHNOLOGY 


4.1  NITROGEN-ARRIVAL-RATE-LIMITED  GROWTH  OF  GaN  USING  AN 
ELECTRON-CYCLOTRON-RESONANCE  DISCHARGE  SOURCE  IN 

GAS-SOURCE  MOLECULAR  BEAM  EPITAXY 

Recent  advances  in  the  growth  of  GaN  by  molecular  beam  epitaxy  (MBE)  have  occurred  because 
of  the  availability  of  compact  nitrogen  plasma  sources  such  as  electron-cyclotron-resonance  (ECR)  dis¬ 
charge  sources,  which  generate  significant  quantities  of  atomic  nitrogen  from  diatomic  nitrogen  gas  using 
an  ECR  plasma-assisted  decomposition  process.  Previous  studies  [l]-[4]  of  ECR-MBE  GaN  growth  have 
apparently  been  under  nitrogen-rich  conditions,  resulting  in  residual  n-type  GaN.  In  the  present  work,  we 
demonstrate  a  gallium-rich  growth  regime  whereby  the  growth  rate  is  determined  by  the  nitrogen  flux 
from  the  ECR  source,  with  excess  gallium  evaporating  from  the  growth  surface.  Under  these  conditions, 
the  growth  rate  is  relatively  insensitive  to  the  gallium  flux  and,  furthermore,  the  morphology  of  the 
epitaxial  film  does  not  show  excess  gallium  droplets  usually  characteristic  of  gallium-rich  growth  con¬ 
ditions.  These  conditions  tu'e  found  to  significantly  reduce  the  n-type  residual  conduction  characteristics 
of  the  films  and  produce  high-resistivity  films  that  can  be  sihcon  doped  to  obtain  n-type  material. 

The  growth  system  in  these  experiments  is  a  gas-source  MBE  machine  equipped  with  a  compact 
ECR  source  with  a  source  aperture.  The  gallium  beam  is  generated  by  a  conventional  thermal  effusion 
source.  ULSI-grade  nitrogen  is  purified  using  a  Nanochem  purifier.  All  the  growths  reported  here  are  on 
basal  plane  sapphire  at  a  substrate  thermocouple  temperature  of  950°C.  The  characterization  of  the  ion 
species  from  the  ECR  source  is  made  using  a  quadrupole  mass  analyzer,  operated  with  the  ionizer 
filament  current  off.  The  analyzer  is  mounted  in  a  direct  line  of  sight  to  the  ECR  source.  In  this  mode, 
ions  generated  by  the  ECR  source  tu'e  captured  in  the  ionizer  assembly,  extracted  and  injected  into  the 
quadrupole  mass  filter,  and  subsequently  detected  using  a  faraday  cup  and  an  electron  multiplier.  This 
technique  provides  a  simple  method  for  detecting  ECR  source  instabilities  and  optimizing  the  ECR  source 
conditions.  In  particultu",  the  magnet  current  must  be  set  such  that  the  ECR  condition  is  attained.  Here, 
we  use  the  residual  gas  analyzer  to  determine  this  condition  by  varying  the  magnet  current  such  that  the 
ion  intensities  from  the  source  tu'e  maximized,  as  described  below.  We  assume  that  this  corresponds  to 
a  magnetic  field  that  satisfies  the  ECR  condition  at  2.45  GHz. 

Figure  4-1  shows  a  typical  ion  spectrum  at  a  nitrogen  mass  flow  of  3.3  seem  and  a  net  RF  power 
of  20  W  (^forward'^reflected)-  The  ECR  magnet  current  is  set  by  maximizing  the  mass  28  (Nj"*")  ion  current. 
In  addition  to  the  expected  Nj"*^  (mass  28)  and  N"*"  (mass  14),  two  other  nitrogen  species  are  observed. 
These  are  mass  7,  which  we  attribute  to  and  mass  42,  which  we  attribute  to  Nj"^.  The  two  remaining 
species  observed,  Ar"*"  (mass  40)  and  Ne"*^  (mass  20),  are  typical  contaminants  of  commercially  available 
nitrogen  gas  and  liquid  obtained  through  the  cryogenic  distillation  process.  The  residual  species  are  not 
important  to  the  growth  process  itself  but  may  have  significant  bearing  on  the  electronic  properties  of  the 
material. 
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Figure  4-1.  Ion  spectrum  as  measured  by  quadrupole  mass  analyzer  with  ionizer  filament  current  off:  (a)  Spectrum 
showing  ions  at  14  amu  (N*  or  and  28  amu  (N2*)  peaks;  (b)  same  spectrum  as  in  (a)  but  magnified  250  times, 
showing  7  amu  20  amu  (Ne*),  40  amu  (Ar*),  and  42  amu  as  well  as  14  and  28  amu  peaks.  The 

horizontal  scan  covers  a  mass-to-charge  ratio  of  0  to  50  amu.  The  N2  mass  flow  is  3.3  seem,  and  the  RF  net  power 
is  20  W. 
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Figure  4-2  shows  the  dependence  of  the  ion  spectrum  on  nitrogen  mass  flow  at  a  net  RF  power  of 
20  W.  The  general  trend  for  all  the  species,  except  Nj"*",  is  a  gradual  increase  in  the  ion  current  as  the 
N2  mass  flow  is  decreased  from  6.6  to  3.3  seem,  with  the  current  maximized  at  3.3  seem.  After  the  peak 
at  3.3  seem,  the  ion  current  decreases  rapidly  as  the  mass  flow  is  decreased.  The  exception  to  tliis 
behavior  is  the  ion  current,  which  monotonically  decreases  from  6.6  to  1.6  seem. 

An  explanation  for  the  ion  current  peak  at  3.3  seem  can  be  deduced  by  analyzing  the  GaN  growth 
rate  dependence  on  nitrogen  mass  flow.  Figure  4-3  shows  the  dependence  of  the  growth  rate  of  GaN  at 
a  fixed  gallium  flux  and  a  net  RF  power  of  20  W,  as  a  function  of  nitrogen  mass  flow.  (Also  plotted  for 
comparison  are  the  normalized  and  N"^  ion  currents.)  The  growth  rate  increases  from  380  A/h  at  6.6 
seem  up  to  610  A/h  at  3.3  seem,  remains  relatively  constant  at  580  A/h  at  1.6  seem,  and  then  drops 
rapidly  to  140  A/h  at  0.7  seem.  These  data  combined  with  the  ion  flux  data  shown  in  Figure  4-2  indicate 
that  the  following  conditions  are  probably  occurring.  The  higher  flow  regime  of  6.6  seem  corresponds 
to  a  higher  background  pressure  (~  1.2  x  10“^  Torr)  in  the  growth  chamber,  with  a  correspondingly 
shorter  mean  free  path  for  the  growth  gases.  The  reduced  growth  rate  occurs  because  either  the  gallium 
flux  or  the  nitrogen  flux  is  reduced  because  of  collisions  with  background  molecules  on  the  normally 
ballistic  trajectories  from  the  sources  to  the  substrate. 
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Figure  4-2.  Ion  current  as  function  of  /Vj  mass  flow  for  ion  species  indicated  in  Figure  4-1.  The  electron- 
cyclotron-resonance  (ECR)  RF  net  power  is  20  W. 
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Figure  4-3.  Normalized  14-  and  28-amu  ion  currents  and  GaN  growth  rate,  plotted  as  function  of  N2  mass  flow. 
The  ECR  RF  net  power  is  20  W. 


This  explanation  is  consistent  with  the  ion  flux  data,  since  the  primary  species  are  all  increasing  as 
the  mass  flow  decreases.  It  is  also  consistent  with  the  decreasing  flux,  as  this  species  can  only  be 
formed  by  a  gas  phase  collision  process  between  the  primary  species,  the  probability  of  which  is  reduced 
as  the  pressure  is  reduced.  Below  3.3  seem  the  decrease  in  growth  rate  can  only  be  explained  by  a  reduced 
nitrogen  flux,  with  excess  gallium  evaporating  from  the  surface.  The  explanation  is  consistent  with  the 
ion  flux  data  as  well.  An  important  species  for  growth,  neutral  atomic  nitrogen,  is  not  detectable  by  this 
method,  but  judging  by  the  growth  rate  data  this  species  must  follow  the  general  trend  of  the  ion  species. 
The  evaporation  of  excess  gallium,  which  is  indicated  by  the  absence  of  nucleated  gallium  droplets,  is 
favored  by  the  high  substrate  temperature  (950°C).  This  is  an  unusual  MBE  growth  regime,  and  to  the 
best  of  our  knowledge,  is  the  first  demonstration  of  group- V-limted  (nitrogen- limited)  growth  conditions 
in  the  ni-V  compounds. 

The  insensitivity  of  the  growth  rate  to  the  gallium  flux  is  further  illustrated  in  Figure  4-4,  which 
combines  the  data  obtained  at  several  nitrogen  mass  flows  and  gallium  fluxes.  The  flux  data  have  been 
normalized  to  the  GaN  monolayer  atomic  density,  based  on  flux  calibrations  determined  using  reflection 
electron  diffraction  (RED)  oscillations  on  GaAs  to  measure  the  absolute  flux  density.  From  this  calibra¬ 
tion  it  is  apparent  that  all  the  growths  reported  here  are  under  conditions  of  excess  gallium  flux.  Further¬ 
more,  the  growth  rate  is  independent  of  the  gallium  flux  to  within  experimental  error,  as  indicated  by  the 
wide  range  of  data  at  mass  flows  of  3.3  and  6.6  seem.  Also  included  in  the  figure  is  the  result  of  a  recent 
growth  at  an  increased  RF  power  of  38  W  and  a  mass  flow  of  3.3  seem,  which  resulted  in  an  increase 
in  growth  rate  by  a  factor  of  2.4.  This  indicates  that  the  RF  power  is  determining  the  nitrogen  generation 
rate  and  thereby  the  GaN  growth  rate,  at  least  at  3.3-sccm  flow  conditions. 


24 


25S4S7-22 


0  6.6  seem 
O  3.3  seem 
A  1.6  seem  Ng 
o  1.6  seem 


3 

S 

UJ 

I- 

< 

CE 


O 

CE 

O 


n 

O 


Figure  4-4.  GaN  growth  rate  as  function  of  gallium  flux  and  N2  mass  flow,  normalized  to  GaN  (0001)  plane 
monolayer  (ML)  gallium  density.  For  convenience,  the  growth  rate  is  expressed  in  both  A/h  and  ML/s.  Indicated 
on  the  figure  is  the  line  where  the  Ga  flux  equals  the  GaN  growth  rate.  All  data  below  800  A/h  are  at  a  net  RF 
power  of  20  W. 


256467-23 


CARRIER  CONCENTRATION  (cm-3) 


Figure  4-5.  Survey  of  undoped  GaN  electron  mobilities  as  function  of  carrier  concentrations  from  Molnar  et  al. 
[5]  and  references  therein.  Also  included  are  the  present  Lincoln  results  at  RF  powers  of  20  W  (dashed  line)  and 
38  and  60  W  (single  data  points).  The  solid  line  is  drawn  to  aid  the  eye. 
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Figure  4-6.  20-keV  Reflection  electron  diffraction  pattern  from  GaN  along  the  [2110]  direction  grown  on  (0001) 
sapphire.  The  substrate  temperature  is  950°C,  and  the  nitrogen  plasma  beam  is  on. 


Finally,  the  significance  of  this  growth  regime  is  evident  from  the  GaN  electronic  properties.  Pre¬ 
vious  studies  have  reported  that  GaN  is  either  residually  n-type,  because  of  nitrogen  vacancies,  or  insu¬ 
lating  and  unaffected  by  intentional  doping.  We  have  obtained  materials  that  are  residually  n-type  and 
compare  favorably  with  published  results  [1],[5],[6]  (n^QQ  ~  2.5  x  10*^  cm"^  and  [I^qq  ~  270  cm^A^  s), 
as  shown  in  Figure  4-5,  and  by  increasing  the  gallium  flux  we  have  also  successfully  doped  insulating 
materials  with  silicon  to  obtain  n-type  material  (.n^  «  1.2  x  10*^  cm"^  and  ~  65  cm^A^  s).  These 
are  some  of  the  highest  mobilities  reported  for  silicon-doped  GaN  grown  by  ECR  MBE.  The  results 
suggest  that  the  nitrogen-limited  growth  conditions  reported  here  will  be  important  for  successful  p 
doping  of  GaN,  which  has  proven  to  be  more  difficult.  Furthermore,  these  conditions  produce 
high-crystalline-quality  material,  as  shown  in  the  RED  pattern  in  Figure  4-6. 

P.  A.  Maki 


4.2  COLOR  SEPARATION  ECHELON  GRATINGS 

Color  discrimination  by  wavelength  bands  has  a  large  number  of  military  and  commercial  applica¬ 
tions.  In  the  infrared  portion  of  the  spectrum,  wavelength  separation  allows  better  temperature  discrimi¬ 
nation  of  thermally  emissive  objects.  In  the  visible  portion  of  the  spectrum,  a  device  that  separates  white 
light  into  red,  green,  and  blue  wavebands  without  loss  of  energy  could  increase  the  efficiency  of  color 
sensors  and  color  projection  displays.  As  shown  in  Figure  4-7,  an  echelon-like  grating  structure  [7] 
separates  electromagnetic  (EM)  radiation  of  different  wavelengths  according  to  diffraction  order  rather 
than  by  dispersion  within  one  diffraction  order  as  would  be  the  case  for  a  conventional  prism-type  grating. 
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Figure  4-7.  Color  separation  by  dispersion  in  (a)  conventional  stepped  grating  and  (b)  binary  optics  echelon 
grating. 


A  binary  optics  “echelon”  grating  structure  designed  for  a  color  liquid-crystal  direct-view  projection 
display  has  been  fabricated  in  fused  silica.  This  grating  disperses  red  light  (700  nm)  into  the  -1  order, 
green  light  (525  nm)  into  the  0  order,  and  blue  light  (420  nm)  into  the  +1  order.  When  combined  with 
a  collimated  illuminator  and  a  microlens  array,  it  produces  arrays  of  red,  blue,  and  green  spots  that  can 
be  individually  controlled  by  liquid-crystal  light  valves  to  form  a  displayed  image. 

The  echelon  grating  consists  of  N  steps,  each  of  which  has  a  physical  depth  d  =  where 

the  grating  depth  d  is  determined  by  the  wavelength  at  which  the  zero-order  diffraction  efficiency  is 
maximized.  The  period  T  is  determined  by  the  design  wavelength,  the  number  of  steps,  and  the  desired 
lateral  separation  between  wavebands.  The  display  application  requires  a  75  x  60-mm  grating  area 
(96-mm  diagonal),  a  4-/nn  grating  period,  and  a  four-phase-level  profile.  The  gratings  are  fabricated  in 
100-mm  fused  silica  wafers  (25-mil  thickness)  using  the  binary  optics  process,  which  is  shown  in  Fig¬ 
ure  4-8.  For  a  design  wavelength  of  525  nm  and  an  index  of  refraction  Hq  of  1.46,  each  of  the  1 -/an- wide 
steps  is  1.14  /an  deep,  for  a  total  etch  depth  of  3.42  /an. 


27 


256467-26 


TWO  PHASE  LEVELS 


MASK 

PATTERN 

PHOTORESIST 


ETCH 


FOUR  PHASE  LEVELS 


ALIGN  MASK 

PATTERN 

PHOTORESIST 


ETCH 


Figure  4-8.  Schematic  diagram  showing  two  lithographic  steps  required  to  fabricate  a  binary  optics  component 
with  four  phase  levels.  This  sequence  can  be  generalized  to  fabricate  2"  phase  levels  using  M  lithographic  steps. 


The  gratings  were  fabricated  in  our  Microelectronics  Laboratory  using  the  4-in.  Si  processing  equip¬ 
ment.  As  might  be  expected,  great  ingenuity  was  required  to  process  transparent,  nonconducting  wafers 
without  modifying  the  Si-based  equipment.  Al-coated  fused  silica  wafers  were  exposed  on  the  5x  reduc¬ 
tion  i-line  optical  stepper.  Four  rows  of  five  1 5-mm-square  grating  blocks  were  stepped  across  the  wafer 
to  create  the  75  mm  (x)  x  60  mm  (y)  continuous  patterned  area.  Stitching  errors  in  the  y-direction  ranged 
between  0.2  and  1  /im.  Strict  control  of  both  exposure  and  development  parameters  are  needed  to  achieve 
the  50%  duty  cycle  required  for  these  binary  optics  gratings.  A  1-^m-thick  positive  photoresist  was  used 
for  the  first  mask  layer  (2-^m-period  grating)  and  a  2-^m-thick  photoresist  was  used  for  the  second  mask 
layer  (4-^m-period  grating).  Thicker  resist  was  needed  to  planarize  the  previously  etched  1.14-^m-deep 
structures.  Overlays  better  than  0.2  ^m  (0.15  ±  0.1  fUn  for  a  test  pattern)  were  achieved  on  the  stepper 
using  global  alignment  across  the  4-in.  wafer.  (The  full  coverage  of  the  pattern  precluded  local  align¬ 
ment.) 
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Following  a  wet-chemical  A1  etch,  the  substrates  are  mounted  on  4-in.  Si  carrier  wafers  and  then 
etched  in  a  parallel-plate  reactive  ion  etching  (RIE)  system  to  the  target  depth.  To  achieve  the  desired 
anisotropic  profile,  samples  are  etched  at  20°C  in  a  CFyCHF^/He  mixture  at  a  pressure  of  300  mTorr 
and  RF  power  of  350  W  at  an  etching  rate  of  about  62  Ajs.  Selectivity  between  the  photoresist  mask  and 
the  quartz  substrate  is  approximately  2.5:1.  Etch  depths  are  controlled  by  etch  time.  The  RIE  system  can 
achieve  better  than  3%  uniformity  over  the  central  75-mm-diam  region  of  Si  wafers  coated  with  thermal 
silicon  dioxide.  In  an  initial  attempt  to  monitor  the  RIE  process,  the  etch  depth  of  25-)Um-wide  witness 
etch  features  was  measured  at  locations  adjacent  to  the  grating  area  with  a  stylus  profilometer.  However, 
an  enormous  variation  (>  20%)  in  the  etch  depth  between  the  outer  10-15  mm  at  the  wafer’s  edge  (where 
the  witness  etch  features  are  located)  and  the  rest  of  the  75  x  60-tnm  pattern  created  difficulties  in 
achieving  the  desired  grating  etch  depth.  To  overcome  this,  test  samples  consisting  of  four  15  x  60-mm 
grating  stripes  having  witness  etch  features  adjacent  to  each  stripe  were  etched  and  measured.  These 
samples  were  used  to  calibrate  the  RIE  process  prior  to  etching  the  actual  96-mm-diagonal  gratings. 

The  performance  of  the  echelon  grating  has  been  modeled  using  the  simplified  scalar  diffraction 
theory  and  rigorous  EM  diffraction  calculations,  as  shown  in  Figure  4-9.  The  EM  calculations  assutrie  TE 
polarization  and  normal  incidence  (TM  polarization  results  are  slightly  worse).  Results  are  normalized  to 
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Figure  4-9.  Predicted  spectral  efficiency  as  Junction  of  wavelength  for  both  scalar  diffraction  theory  model  and 
rigorous  electromagnetic  (EM)  calculations.  The  -I,  0,  and  +1  order  efficiencies  are  plotted  as  a  function  of 
wavelength. 
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Figure  4-10.  Grating  performance  showing  white  light  transmitted  (a)  through  microlens  array  and  (b)  through 
color  separation  grating  and  microlens  array. 
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the  total  transmitted  light.  Scalar  theory  is  considered  valid  when  T  »  X  and  the  grating  depth  is 
negligible.  Because  the  grating  depths  for  the  echelon  are  not  negligible,  we  expect  the  50-b0%  effi¬ 
ciency  predicted  by  the  EM  calculations  instead  of  the  80-90%  efficiency  predicted  by  the  scalar  theory. 
The  effects  of  processing  variations  on  grating  performance  have  also  been  modeled.  The  simulations 
indicate  that  the  etch  depth  errors  must  be  less  than  3%  of  the  minimum  step  height  for  the  device  to 
function  well.  Variations  in  etch  depth  shift  the  center  frequency  to  shorter  wavelengths  if  the  grating  is 
too  shallow  and  to  longer  wavelengths  if  the  grating  is  too  deep. 

Preliminary  evaluation  of  the  color  separation  optic  reveals  that  the  central  zero  order  transmits 
blue-green  light  with  the  red  diverted  into  the  -1  order  and  the  blue  diverted  into  the  -hi  order.  The 
grating  operation  can  be  observed  using  a  transmission  microscope  and  a  microlens  array.  The  microlens 
array  (either  200-/tm-diam  ~f/2  photoresist  lenses  or  500-/tm-diam  f/4  Coming  SMILE  lenses)  placed  on 
top  of  the  grating,  which  is  illuminated  from  below,  collects  the  dispersed  light.  Color  is  analyzed  via 
a  series  of  color  filters  placed  over  the  light  source.  Results  are  shown  in  Figure  4- 10(a)  for  illuminated 
lenslets  without  the  grating  and  in  Figure  4-10(b)  for  illuminated  lenslets  with  the  grating.  Overall,  this 
grating  separated  light  with  45%  efficiency  compared  to  the  predicted  60%. 

M.  B.  Stem 
G.  J.  Swanson 
J.  E.  Curtin 
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5.  fflGH  SPEED  ELECTRONICS 


5.1  SELF-ALIGNED  GaAs  MISFETs  WITH  A  LOW-TEMPERATURE-GROWN 

GaAs  GATE  INSULATOR 

Integrated  circuits  based  on  depletion-  and  enhancement-mode  GaAs  MESFETs  have  been  widely 
used  for  high-speed  and  low-power  applications.  However,  the  gate  current  of  the  Schottky  contact  in  a 
MESFET  becomes  appreciable  at  forward  biases  of  several  tenths  of  a  volt,  imposing  severe  limits  on 
the  maximum  drain  current,  the  noise  margin,  and  the  flexibility  of  the  bias  circuit  design.  A  new  type 
of  GaAs  MISFET  having  low-temperature-grown  (LTG)  GaAs  as  the  gate  insulator  has  a  very  low  gate 
current  at  large  forward  bias  and  is  better  suited  for  these  applications.  However,  the  resistivity  of  the 
LTG  GaAs  degrades  after  a  high-temperature  anneal  because  the  excess  arsenic  incorporated  in  the  LTG 
GaAs  can  redistribute  or  escape  from  the  layer  during  the  annealing.  A  new  epitaxial  layer  structure  and 
fabrication  process  developed  in  this  work  allow  the  selective  doping  of  the  channel  outside  the  gate  area 
by  self-aligned  n*  implantation  to  reduce  the  channel  resistance  and  the  knee  voltage  of  LTG  G^s 
MISFETs  for  low-power  applications. 

All  the  epitaxial  layers  in  the  present  structure  were  grown  by  molecular  beam  epitaxy.  As  shown 
in  Figure  5-1,  the  epitaxial  layers  consist  of  a  2500-A-thick  undoped  GaAs  buffer,  a  2000-A-thick  n-type 
GaAs  channel  nominally  doped  to  8  x  10*^  cm~^  with  Si,  a  200-A-thick  undoped  AlAs  barrier,  an 
800-A-thick  undoped  LTG  GaAs  layer  grown  at  200°C,  a  200-A-thick  undoped  AlAs  barrier,  and  a 
200-A-thick  undoped  GaAs  cap.  All  the  layers,  except  for  the  LTG  GaAs,  were  grown  at  600°C.  The  new 
feature  of  this  MISFET  is  the  addition  of  an  AlAs  barrier  layer  on  top  of  the  LTG  GaAs  gate  insulator. 
This  layer  is  essential  to  prevent  outdiffusion  of  the  excess  As  during  the  implant-activation  annealing 
and  thus  mtiintain  the  high  resistivity  of  the  LTG  GaAs  layer. 

To  fabricate  the  MISFETs,  a  700-A-thick  W  gate  was  first  evaporated  and  defined  by  liftoff.  The 
gate  length  was  approximately  1 .5  fxm.  The  layers  above  the  conducting  channel  were  chemically  etched 
using  the  W  gate  metallization  as  the  etch  mask.  Then,  the  source  and  drain  regions  were  implanted  with 
Si  at  30  keV,  using  the  W  gate  as  the  mask,  to  a  total  dose  of  2  x  10^^  cm~^.  The  implanted  samples  were 
thermally  annealed  at  800°C  for  10  s.  Next,  standard  Ni/Ge/Au  source  and  drain  ohmic  contacts  were 
defined  by  liftoff  and  alloyed.  The  spacing  between  the  source  and  drain  ohmic  contacts  was  approxi¬ 
mately  7  fxm.  Finally,  the  devices  were  isolated  by  proton  implantation.  For  comparison,  a  control  sample 
that  was  neither  implanted  nor  annealed  was  also  processed  on  the  same  material  in  parallel  with  the 
self-aligned  MISFET. 

The  sheet  resistance  of  the  conducting  channel  outside  the  gate  area  was  1700  Q/square  without  Si 
implantation,  and  was  reduced  by  the  implant  to  620  £2/square.  The  contact  resistance  was  also  improved 
from  6.6  X  10“^  Q  cm^  for  the  control  sample  to  1.1  x  Ifr^  Q  cm^  for  the  implanted  sample.  The 
drain-source  voltage  (7^^)  vs  drain-source  voltage  (Vj^)  characteristics  of  the  MISFETs  are  shown  in 
Figure  5-2.  The  maximum  drain  current  obtainable  was  65  mA/mm  =  +2  V)  for  the  control  sample 
and  160  mA/mm  (Fg^  =  +4  V)  for  the  implanted  sample.  The  maximum  transconductance  also 
increased  from  approximately  20  mS/mm  for  the  control  to  35  mS/mm  for  the  implanted  sample.  Notice 
that  even  at  6  V  of  forward  gate  bias,  there  is  no  sign  of  gate  conduction.  The  forward-bias  gate  current 
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of  the  self-aligned  MISFET  is  slightly  higher  than  that  of  the  control  MISFET  as  a  result  of  the 
high- temperature  treatment.  At  a  forward-bias  gate  current  of  10  nA  per  gate  area,  which  is  accept¬ 
able  for  many  low-power  applications,  the  corresponding  positive  voltages  on  the  gate  are  1.83  and  1.56 
V  for  MISFETs  on  the  control  and  implanted  samples,  respectively.  Therefore,  for  a  supply  voltage  of 
1.5  V  or  lower,  which  is  common  for  low-power  circuits,  the  gate  of  the  MISFET  can  be  connected 
directly  to  the  power  supply,  greatly  simplifying  the  design  of  the  bias  and  the  coupling  circuits.  The 
reverse  gate-breakdown  voltage  (also  defined  at  10  nA  per  gate  area)  is  approximately  20  V  for  both 
samples  and  appears  not  sensitive  to  the  annealing. 

RF  measurements  were  performed  using  microwave  on-wafer  probes.  The  unity-current-gain  fre¬ 
quency  /p  derived  from  measured  small-signal  scattering  parameters,  is  2.2  GHz  for  the  control  sample 
and  5.7  GHz  for  the  implanted  sample.  The  drain  bias  was  kept  at  2  V,  and  gate  biases,  chosen  for  a  high 
Sm’  0  respectively.  The  corresponding  values  of  the  maximum  frequency  of  oscillation 

/max  GHz,  respectively.  The  relatively  low  values  are  probably  caused  by  the  high 

resistance  of  the  thin  W  gate  and  can  be  improved  by  increasing  the  metal  thickness  or  using  different 
refractory  gate  metal  having  a  lower  resistivity. 


256467-29 

200-A  undoped 

GaAs  CAP 


Figure  5-1.  Layer  structures  and  process  steps  for  self-aligned  LTG  GaAs  MISFET:  (a)  Deposition  of  W  gate, 
(b)  etching  off  LTG  GaAs  andAlAs  layers,  (c)  self-aligned  n*  implantation,  and  (d)  deposition  and  alloying  of  ohmic 
contacts. 
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256467-30L 


Figure  5-2.  vs  characteristics  of  MISFETs  with  100-fim-wide  gate  width,  (a)  Control  MISFET;  the  vertical 
scale  is  1  mA/div  and  is  +2  V  for  the  top  curve  with  1-V  steps,  (b)  Self-aligned  MISFET  with  30-keV  implant; 
the  vertical  scale  is  2  mA/div  and  is  +4  V  for  the  top  curve  with  2-V  steps.  The  horizontal  scale  is  500  mV/ 
div  for  all  the  I-V  curves. 


The  improvement  of  the  self-aligned  LTG  GaAs  MISFET  resulting  fixjm  the  implantation  is  clearly 
shown.  The  speed  of  the  MISFET  can  be  easily  increased  by  reducing  the  gate  length  and  the  thickness  of 
the  LTG  GaAs  insulator  and  optimizing  the  implant  and  annealing  schedules.  The  fabrication  process  is 
simple  and  is  standard  for  GaAs  integrated  circuits.  Because  there  is  no  gate  recess,  the  threshold  voltage  is 
determined  mainly  by  the  epitaxial  growth,  and  good  device  imiformity  can  be  expected. 


C.  L.  Chen 

L.  J.  Mahoney 
K.  B.  Nichols 

M.  J.  Manfra 


B.  F.  Gramstorff 
K.  M.  Molvar 
R.  A.  Murphy 
E.  R.  Brown 
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6.  MICROELECTRONICS 


6.1  PACKAGING  OF  A  1960  x  2560-PIXEL  CHARGE-COUPLED  DEVICE  IMAGER 

A  large  frame-transfer  CCD  imager  occupying  an  entire  100- mm  silicon  wafer  was  described  re¬ 
cently  [1].  This  device  has  a  die  size  of  67  x  74  mm  and  is  the  largest  image  sensor  ever  made. 'No 
integrated-circuit  package  exists  for  a  device  of  this  size,  and  therefore  we  had  to  develop  a  custom 
package.  In  this  report  we  describe  the  package  structure  and  the  various  novel  features  that  make  it  more 
attractive  than  conventional  packaging. 

For  our  smaller  CCD  imagers,  we  use  Kovar  packages  with  pins  arranged  around  the  periphery.  The 
Kovar  provides  reasonable  thermal  conductivity  for  efficient  cooling  of  the  device,  and  with  the  pins 
confined  to  the  periphery  a  cold  finger  can  make  maximum  area  contact  to  the  back  of  the  package.  The 
pins  are  typically  spaced  uniformly  on  0.100-in.  centers,  but  the  CCD  pads  often  cannot  be  designed  to 
this  spacing,  as  in  the  case  of  a  three-side-abuttable  imager  [2]  where  they  are  clustered  along  one  edge 
of  the  die.  This  forces  us  to  mount  the  CCD  on  an  alumina  (AljOj)  plate,  which  is  then  mounted  in  the 
package  well.  The  alumina  has  thin-film  metallization  traces  that  bring  the  signals  from  the  package  leads 
to  the  CCD  pads  so  that  wire-bond  lengths  can  be  kept  short.  The  alumina  plate  is  not  an  optimal  material 
in  terms  of  matching  to  the  coefficient  of  thermal  expansion  (CTE)  of  silicon,  although  this  has  not  been 
a  problem  for  smaller  devices. 

We  have  developed  a  novel  package  for  the  1960  x  2560-pixel  imager,  and  Figure  6-1  shows 
photographs  of  the  front  and  back  of  a  packaged  device.  The  package  consists  of  two  parts,  a  metal  plate 
upon  which  the  device  is  mounted  and  a  multilayer  printed-circuit  board  (PCB)  that  surrounds  the  device 
2uid  is  attached  to  the  metal  plate.  The  diameter  of  the  card  is  152.4  mm  (6.000  in.)  and  is  fabricated  from 
GIO  fiberglass  in  ten  layers  (five  signal  and  five  ground).  We  are  free  to  select  a  metal  that  is  a  good 
CTE  match  to  silicon  so  stresses  to  the  device  are  minimized,  and  that  can  be  readily  machined  to  a 
flatness  specification  of  ±  10  jum.  Thermal  conductivity  is  not  a  major  concern,  as  the  thermal  resistance 
of  a  plate  made  from  any  of  the  candidate  materials  together  with  the  maximum  thermal  load  on;  the 
device  would  lead  to  less  than  1°C  temperature  difference  between  the  CCD  and  the  back  of  the  plate. 
We  could  not  specify  quantitatively  the  degree  of  CTE  match,  and  indeed  we  have  found  no  device 
failures  attributable  to  mechanical  stresses  in  1024  x  1024-pixel  devices  (roughly  one-fourth  the  area  of 
this  device)  mounted  with  epoxy  on  alumina  substrates  and  cooled  to  -130°C.  Nevertheless,  given  the 
larger  device  area  we  felt  that  a  CTE  match  at  least  as  close  as  that  of  alumina  was  desirable. 

Table  6-1  compares  the  CTE  of  silicon  to  some  of  the  candidate  materials  as  well  as  alumina. 
Aluminum,  and  indeed  most  common  metals,  have  a  CTE  poorly  matched  to  silicon.  Invar  36  is  very 
close  to  silicon  but  has  the  fabrication  disadvantage  that  it  must  be  heat  treated  after  machining  to 
maintain  the  low  CTE.  Kovar  has  a  better  CTE  than  alumina  but  might  not  maintain  the  required  flatness 
over  the  temperature  range  because  it  is  rolled.  We  chose  molybdenum  because  its  CTE  is  better  matched 
to  silicon  than  that  of  alumina,  it  can  be  readily  machined,  and  it  should  have  isotropic  expansion  because 
of  its  pressed,  sintered  condition.  Molybdenum  does  not  require  any  surface  treatment,  unlike  Invar  36 
and  Kovar  which  must  be  plated  because  of  their  iron  content. 
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S467-31 


(a) 


Figure  6-1. 


Photographs  of  (a)  front  and  (b)  back  of  packaged  large-area  charge-coupled  device  imager. 


The  PCB  has  a  number  of  attractive  features  not  possible  with  a  conventional  Kovar  package.  In  our 
structure  the  signals  are  brought  onto  the  board  via  three  standard,  multipin  connectors  (Positronics).  This 
approach  effectively  eliminates  the  difficult  step  of  mounting  a  large  multipin  package  in  a  conventional 
socket,  which  requires  careful  alignment  of  the  pins  to  the  socket  and  large  pressure  to  seat  the  package. 
The  popular  “zero-insertion  pressure,”  or  ZIP  sockets,  are  not  nearly  large  enough  for  a  package  that 
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TABLE  6-1 


Comparison  Between  Coefficient  of  Thermai 
Expansion  of  Silicon  and  Other  Materials 


Material 

Thermal  Expansion 
Coefficient 
(ppm/^C) 

Silicon 

2.0 

Alumina  (AlgOg) 

6.7 

Aluminum 

23 

Invar  36 

1.6 

Kovar 

5.2 

Molybdenum 

4.9 

would  accommodate  this  chip.  The  CCD  pads  are  wire  bonded  directly  to  gold-plated  traces  on  the  board, 
and  this  reduces  the  number  of  wire  bonds  by  2x  compared  to  the  case  of  the  chip/alumina-board/Kovar 
package  combination. 

Another  attractive  feature  of  the  PCB  is  the  opportunity  to  include  circuitry  and  to  isolate  the  digital 
clock  signals  from  the  low-noise  analog  lines.  Separate  digital  and  analog  ground  planes  are  used,  and 
the  dc  lines  that  are  critical  to  low-noise  performance  are  bypassed  with  capacitors.  Low-noise  junction 
field-effect  tr2msistor  source  followers  are  used  to  buffer  all  output  video  lines.  Because  of  the  multilayer 
feature,  many  of  the  CCD  functions  that  require  the  same  driving  voltage  (e.g.,  reset  gates)  could  be  wired 
in  common  to  reduce  the  number  of  input/output  leads.  Each  clock  line  is  protected  from  electrostatic 
discharge  (ESD)  by  a  circuit,  illustrated  in  Figure  6-2  [3].  The  OA-fjF  capacitors  represent  about  3  orders 
of  magnitude  more  capacittmce  th2m  a  humtm  body,  so  an  ESD  voltage  will  be  attenuated  by  that  amount. 
The  1-MQ  resistors  bleed  away  the  chtnge  with  a  time  constant  of  0.1  s.  When  the  device  is  powered 
up,  the  capacitor  on  the  left  leg  will  chtnge  up  close  to  the  most  positive  voltage  of  the  clocks,  while  the 
capacitor  on  the  right  will  similtnly  chenge  to  netnly  the  most  negative  level.  Once  charged,  the  capacitors 
will  stay  at  their  levels  because  of  the  long  dischenge  time  and  because  normally  at  least  one  of  the  clock 
phases  is  driven  to  one  of  the  extreme  voltages  at  any  given  time.  The  clock  lines  are  then  coupled  to 
each  other  only  through  the  small  reverse-bias  capacitance  of  the  diodes. 

Several  devices  have  been  mounted  in  this  package  and  cycled  repeatedly  to  -70°C  with  no  adverse 
effects. 

B.  E.  Burke  J.  W.  Caunt 
P.  J.  Daniels  K.  A.  Percival 
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GATE  1 


Figure  6-2.  Schematic  of  electrostatic  discharge  circuit  that  protects  each  clock  line. 
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7.  ANALOG  DEVICE  TECHNOLOGY 


7.1  LINCOLN/HUGHES  COMPRESSIVE  RECEIVER  DEMONSTRATION 
WITH  24-ns  BONDED-WAFER  YBa2Cu307_8  CHIRP  FILTERS 

The  ability  to  detect  many  simultaneous  signals  with  100%  time  coverage  gives  the  compressive  receiver 
a  distinct  advantage  over  conventional  electronic-warfare  (EW)  receivers,  such  as  superheterodyne,  instanta¬ 
neous  ftequency  measurement,  or  crystal  video  receivers  [1],  The  compressive  receiver  accomphshes  this 
simultaneous  signal  detection  through  an  analog  implementation  of  the  chirp  transform  process  using 
dispersive-delay-line  chirp  filters.  High-temperature  superconductive  (HTS)  chirp  filters  offer  the  opportunity 
to  enhance  the  instantaneous  bandwidth  coverage  of  modem  compressive  receivers.  The  multigigahertz  band¬ 
width  of  HTS  chirp  filters  is  unavailable  from  present  surface  acoustic  wave  (SAW)  technology.  Notably, 
SAW  chirp  filters  are  limited  to  less  than  a  1-GHz  bandwidth. 

Lincoln  Laboratory  recentiy  demonstrated  a  3-GHz  bandwidth  compressive  receiver  based  on  12-ns 
HTS  chirp  filters  [2],  which  has  now  been  space  qualified  for  flight  on  the  Navy’s  second  High-Temperature 
Superconductor  Space  Experiment  [3],  This  receiver  had  only  a  simple  fiequency  cueing  capabihty;  a  more 
complete  demonstration  would  also  report  pulse  width,  amphtude,  and  time  of  arrival,  as  is  done  in  a 
stand-alone  EW  receiver.  Hughes  Aircraft  Company  has  recently  completed  a  1-GHz-bandwidth  stand-alone 
compressive  receiver  based  on  SAW  chirp  filters.  Although  the  analog  and  digital  electronics  in  the  Hughes 
receiver  are  matched  to  the  narrower  bandwidth  of  the  SAW  filters,  we  report  here  that  the  receiver  has 
demonstrated  full  functionality  and  2-GHz  bandwidth  with  an  HTS  chirp  filter  replacing  the  SAW  filters.  This 
has  doubled  the  instantaneous  bandwidth  coverage  of  the  Hughes  EW  receiver.  For  this  demonstration  an 
HTS  chirp  filter  with  24  ns  of  dispersive  delay  was  developed,  doubling  the  frequency  resolution  attainable 
with  the  earher  12-ns  HTS  filter. 

Superconductive  chirp  filters  were  initially  implemented  in  niobium  at  4.2  K  [4],  but  the  very  low 
cryogenic  temperature  prevented  insertion  into  systems.  The  rapid  progress  that  has  been  made  in  microwave 
apphcations  of  high-temperature  superconductors  has  produced  an  opportunity  to  take  advantage  of  the  more 
feasible  liquid-nitrogen  temperatures  required  by  the  HTS  materials  [5].  An  important  technical  challenge  for 
HTS  chirp  filters  is  to  increase  the  length  of  the  tapped  delay  lines  constituting  the  filter.  Longer  delay  will 
produce  more  signal  processing  gain  in  the  filter  and  result  in  improved  frequency  resolution  in  a  compressive 
receiver.  The  HTS  chirp  filters  are  based  on  a  stripline  configuration  that  uses  two  symmetrically  placed 
ground  planes  on  opposite  sides  of  a  pair  of  wafers.  The  packing  density  of  the  delay  lines,  and  therefore  |the 
total  chirp  filter  length,  is  directly  proportional  to  the  thickness  of  the  two  wafers.  As  the  wafer  thickness  is 
reduced,  a  support  wafer  is  required  to  prevent  the  thin  wafer  fixim  breaking. 

Figure  7-1  diagrams  the  technique  used  to  bond  a  thin  LaAlOg  wafer  to  a  thick  LaAlOg  support  w^er, 
and  shows  a  photograph  of  a  24-ns  YBa2Cu307_5  (YBCO)  chirp  filter  fabricated  using  the  technique.  The 
wafer-bonding  process  begins  with  a  lO-mil-thick  LaAlOj  upper  wafer  with  a  sputtered  layer  of  Ti/Au  on  ;the 
bottom  surface,  a  2()-mil-thick  LaAlOg  base  wafer,  and  gold  foil  between  the  two  wafers.  The  wafers  and  the 
gold  foil  must  be  kept  very  clean  throughout  the  entire  bonding  process.  The  wafers  are  forced  together 
against  the  gold  foil  in  a  press.  The  bonded-wafer  pair  is  then  placed  in  a  standard  gas-pocket  heater  ^d 
YBCO  is  grown  in  a  cylindrical  magnetron  sputtering  system  on  the  top  surface  of  the  thin  wafer  [6].  Standard 
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YBCO  patterning  techniques  can  be  used  following  the  YBCO  growth  [7].  The  edges  of  the  gold  foil  are  used 
to  make  contact  to  the  ground  plane  on  the  bottom  surface  of  the  thin  wafer.  A  second  bonded-wafer  pair  is 
required  for  the  upper  ground  plane  of  the  stripline  configuration. 

The  success  of  the  bonded-wafer  technique  is  validated  by  the  performance  of  the  24-ns  YBCO  chirp 
filter,  illustrated  in  Figures  7-2  and  7-3.  The  measured  group  delay  vs  frequency  in  the  downchirp  mode  is 
plotted  in  Figure  7-2  for  an  operating  temperature  of  77  K.  The  linearity  of  the  group  delay  vs  frequency 
illustrates  the  correct  chirp  response  of  the  filter.  The  time-domain  reflectometry  response  of  the  same  chirp 
filter  is  shown  in  Figure  7-3(a).  This  is  essentially  a  low-frequency  measurement,  below  the  cut-off  frequency 
of  the  Klopfenstein  impedance  tapers,  and  is  taken  on  one  of  the  two  transmission  lines  that  constitute  the 
chirp  filter.  From  left  to  right,  the  response  shows  reflections  fiom  a  50-Q  input  connector,  an  inductive 
discontinuity  fijom  the  connector  to  stripline  transition,  the  taper  from  a  50-Q  narrow  linewidth  to  a  32-Q  wide 
linewidth,  a  constant  32-Q  Unewidth,  a  second  taper  from  a  32-Q  linewidth  to  a  50-Q  linewidth,  another 
inductive  discontinuity,  and  back  to  a  50-Q  output  connector.  The  time-domain  downchirp  response  to  a  step 
function  is  shown  in  Figiue  7-3(b).  This  measurement  is  performed  on  the  input  and  output  ports  of  the  chirp 
filter  that  produce  a  downchirp.  The  frequency  components  of  the  step  function  input  that  are  above  the  cut-off 
fi'equency  of  the  impedance  tapers  appear  at  the  output  port.  The  response  appears  for  each  of  the  96 
backward-wave  couplers.  The  Hamming  weighting  of  the  couplers  is  evident. 


Figure  7-1.  Illustration  of  LaAlO^  wafer  bonding  technique  used  to  fabricate  24-ns  stripline  YBCO  chirp  filters. 
The  24-ns  filter  is  shown  as  an  inset. 
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Figure  7-2.  Group  delay  vs  frequency  characteristic  measured  using  downchirp  ports  of24-ns  YBCO  chirp  filter. 
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Figure  7-3.  Time-domain  response  of24-ns  YBCO  chirp  filter:  (a)  Time-domain  refiectometry  measured  at  77  K 
for  one  of  the  two  YBCO  striplines  that  constitute  the  24-ns  filter  and  (b)  low-frequency  time-domain  response  to 
a  step  function  measured  at  77  K. 
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The  configuration  chosen  to  combine  the  Hughes  EW  receiver  with  the  Lincoln  HTS  chirp  filter  front 
end  is  shown  in  Figure  7-4.  The  Hughes  compressive  receiver  produces  pulse-descriptor  words  for  multiple 
emitters.  The  descriptor  words  contain  the  emitter  frequency,  amplitude,  pulse  width,  and  time  of  arrival 
(TOA).  In  Figure  7-4  the  attenuated  signal  between  9.8  and  11.8  GHz  is  switched  with  a  pulse  generator  to 
simulate  input  from  pulsed  emitters.  The  ramp  generator  and  voltage-controlled  oscillator  (VCO)  combination 
functions  as  a  chirp  generator  to  produce  an  upchirp,  which  is  mixed  with  the  pulsed  input.  Pulse  generator 
2  switches  off  the  input  during  the  time  that  the  VCO  is  sweeping  down  in  frequency  (downchirp  blanking). 
The  final  local  osciUator  and  mixer  combination  downconverts  the  chirp  transform  output  to  the  intermediate 
fiequency  of  the  Hughes  receiver.  A  scan  sync  pulse  synchronizes  the  analysis  window  of  the  Hughes  receiver 
and  the  chirp  transform  front  end. 

The  results  of  the  irutial  Lincoln/Hughes  demonstration  are  presented  in  Table  7-1.  The  Hughes  receiver 
with  the  2-GHz-bandwidth  HTS  chirp  filter  front  end  demonstrated  full  functionality.  The  frequency  vs  time 
characteristic  of  the  HTS  chirp  filter  is  sigruficantly  better  than  the  characteristic  of  the  VCO-based  chirp 
generator.  The  single-tone  dynamic  range  is  therefore  limited  by  the  error  sidelobes  of  the  chirp  generator  and 
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Figure  7-4.  System  block  diagram  for  Lincoln/Hughes  demonstration.  Interfaces  to  the  Hughes  receiver  and 
computer  system  are  indicated 
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TABLE  7-1 

Summary  of  Lincoln/Hughes  Compressive  Receiver  Demonstration 


Parameter 

Measured  Performance 

RF  input  bandwidth 

2  GHz 

RF  frequency  resolution 

2  GHz/24  Cells  =  83  MHz 

Time  of  arrival  and  pulse-width  resolution 

200  ns 

Dynamic  range,  single  tone 

30  dB* 

Simultaneous  signal  detection 

Up  to  3 

Short-pulse  (100-400  ns)  probability  of  intercept 

50% 

Long-pulse  (>  400  ns)  probability  of  intercept 

100% 

Amplitude  resolution 

IdB 

*>  50  dB  with  manual  threshold  adjustment. 

not  the  HTS  chirp  filter  itself.  These  error  sidelobe  levels  act  as  spurious  signals,  limiting  the  single-tone 
dynamic  range  with  a  fixed  threshold  to  30  dB.  The  receiver  is  limited  to  200-ns  TOA  resolution  and  only 
50%  probability  of  intercept  for  short  (100-400  ns)  pulses  because  the  receiver  was  designed  to  operate  with 
200-ns-long  SAW  chirp  filters  and  has  a  2(X)-ns  analysis  window.  The  frequency  resolution  is  limited  by  the 
1-GHz  frequency  cell  counter,  which  counts  only  24  times  in  24  ns,  producing  a  resolution  of  2  GHz/24 
cells  =  83  MHz.  A  faster  cell  counter  would  not  improve  the  resolution  since  the  receiver’s  1-GHz  log 
amplifiers  elongate  the  2-GHz-bandwidth  compressed  pulses  generated  by  the  HTS  chirp  filter.  No  more 
than  three  simultaneous  signals  can  be  detected  because  the  Hughes  receiver  requires  that  detected 
compressed  pulses  be  at  least  8  ns  apart,  and  the  HTS  chirp  filter  is  24  ns  long. 
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